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The digestive tract plays a central role in nutrient acquisition and harbors a vast and
intricate community of bacteria, fungi, viruses and parasites, collectively known as
the microbiota. In recent years, there has been increasing recognition of the complex
and highly contextual involvement of this microbiota in the induction and education
of host innate and adaptive immune responses under homeostasis, during infection
and inflammation. The gut passage and colonization by unicellular and multicellular
parasite species present an immense challenge to the host immune system and to the
microbial communities that provide vital support for its proper functioning. In mammals,
parasitic nematodes induce distinct shifts in the intestinal microbial composition. Vice
versa, the commensal microbiota has been shown to serve as a molecular adjuvant
and immunomodulator during intestinal parasite infections. Moreover, similar interactions
occur within insect vectors of deadly human pathogens. The gut microbiota has emerged
as a crucial factor affecting vector competence in Anopheles mosquitoes, where it
modulates outcomes of infections with malaria parasites. In this review, we discuss
currently known involvements of the host microbiota in the instruction, support or
suppression of host immune responses to gastrointestinal nematodes and protozoan
parasites in mice, as well as in the malaria mosquito vector. A deeper understanding
of the mechanisms underlying microbiota-dependent modulation of host and vector
immunity against parasites in mammals and mosquitoes is key to a better understanding
of the host-parasite relationships and the identification of more efficient approaches
for intervention and treatment of parasite infections of both clinical and veterinary
importance.
Keywords: microbiota, gastrointestinal parasite, immune response, mammalian host, mosquito vector, probiotics,
Plasmodium
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INTRODUCTION
As early as 1885, Louis Pasteur postulated the preconceived
idea that life under microorganism-free conditions would not
be possible (Glimstedt, 1953). However, it was not until the
1950s that initial reports highlighted the importance of the
symbiotic relationship between multicellular organisms and
microorganisms, due to the generation of germ-free mammalian
and insect animal models as novel research tools (Lancet,
1953). The complex communities of commensal bacteria, fungi,
viruses and metazoans are collectively known as the microbiota.
Importantly, the resident intestinal bacterial communities have
been recognized as pivotal contributors to host development
and metabolism, and for the induction and education of host
immunity under homeostasis, during infection or inflammation
(Grenham et al., 2011). Millions of years of evolution separate
insects and mammals, which differ dramatically in many aspects,
including the organization of their digestive and immune systems
(Figure 1). However, they are often similarly exposed to the
same microbes. Here we discuss how some of these commensal
microbes affect immune responses of mice and mosquitoes to
a number of parasites colonizing the intestinal tracts of their
respective hosts.
In the context of immunity to gastrointestinal parasites, the
microbiota of mammals is an essential functional player in the
induction and maintenance of the mammalian immune system
(Grainger et al., 2013). Removal of the resident gut microbiota
inhibits the maturation of gut-associated lymphoid tissues,
resulting in smaller and fewer Peyer’s patches and lymphoid
follicles (Cebra et al., 1998). From the initial colonization of the
gut in neonates, the newly established commensal microbiota
undergoes constant shifts in composition and diversity, reflective
of the host’s physiological development, diet, exposure to stress
and gastrointestinal infections among other factors (Pickard
et al., 2017). Mounting evidence has supported the notion that
infection with intestinal parasites in mammals contributes to
alterations in the diversity and abundance of commensal bacteria
both locally and globally. On the other hand, insect vectors
of medical importance like mosquitoes acquire and harbor
a number of major human protozoan and nematode species
in their own digestive tract. In recent years, stringent efforts
have been placed to identify the factors that determine the
mosquito vectorial capacity and to harvest that knowledge for
the development of novel vector control strategies. Whereas, the
midgut microbiota has emerged as a key factor shaping mosquito
resistance to Plasmodium, the effector mechanisms driving these
tripartite interactions remain largely unknown.
Although specific aspects of host-parasite-microbiota
interactions have been recently reviewed separately for mice and
mosquito vectors (Ippolito et al., 2018; Romoli and Gendrin,
2018; Stensvold and van der Giezen, 2018), in this review
we contrast our current understanding of the relevance of
microbiota-immunity interplay during gut infections in a
comparative manner. We summarize and critically evaluate
the role of the host intestinal microbiota in the instruction,
support or suppression of mouse immunity to the non-
invasive extracellular parasite Giardia lamblia and the invasive
intracellular parasite Toxoplasma gondii, in comparison to the
small intestinal nematode Heligmosomoides polygyrus and the
large intestinal nematode Trichuris muris. We further discuss
the most common insect effector mechanisms that control
commensal and pathogenic bacteria, with a particular emphasis
on their impact on Plasmodium infections inAnophelesmosquito
vectors. Our review further highlights functional similarities and
differences in microbiota-dependent induction and education of
host immunity in such diverse hosts as mice and mosquitoes.
COMMENSAL MICROBIOTA
COMPOSITION OF MICE AND
MOSQUITOES
In the first year of life of most mammals, the microbial
composition of their gastrointestinal tract develops from a
sterile environment to one harboring a considerable density
of commensal microorganisms, which over time develop a
broad similarity to the microbiota composition of adults
(Palmer et al., 2007). However, the infant microbiota presents
considerably higher compositional variability and instability than
the microbiota of adults, and factors like mode of delivery
and breast feeding have been suggested as potential key factors
in shaping the intestinal microbiota of mammals during the
early stages of their life (Palmer et al., 2007; Milani et al.,
2017; Pickard et al., 2017). Under homeostasis, the adult human
intestinal tract harbors bacteria predominantly belonging to
the Bacteroides, Eubacterium, Ruminococcus, and Clostridium
genera, while the murine intestinal tract harbors predominantly
Clostridiales and Bacteroidales, key in the enzymatic breakdown
of complex polysaccharides (Palmer et al., 2007; Pickard et al.,
2017). The high availability of mono and disaccharides in the
gut, on the other hand, also allows for the proliferation of
Proteobacteria and Lactobacilli–two other prominent members
of the mammalian intestinal microbiota (Pickard et al., 2017).
Notably, an abundance of evidence in recent years has
highlighted that the normal composition of the adult intestinal
microbiota suffers significant alterations following infections
with gastrointestinal parasites, with significant implications
to the regulation and maintenance of host metabolism and
immunity.
Similar to mammals, the microbiota of Anophelesmosquitoes
experiences dynamic changes in abundance and composition
during the insect life cycle (Moll et al., 2001; Linenberg et al.,
2016). The mosquito life cycle comprises four developmental
stages: aquatic eggs, larvae, pupae and terrestrial adults. Larvae
feed on environmental microorganisms, some of which establish
residence in the larval guts and constitute the midgut microbiota.
During pupariation, the resident microbiota is expelled together
with the food bolus and the peritrophic matrix, resulting in
dramatic losses of bacterial communities. Nevertheless, some
larval bacteria can still be transmitted to pupae (Moll et al.,
2001). In contrast, a stringent process of gut remodeling and
sterilization during pupa-to-adult transition leads to complete
loss of the pupal microbiome upon adult emergence (Moll
et al., 2001). However, young adults re-establish microbial
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FIGURE 1 | Structural and functional differences of the gastrointestinal tracts of mice and mosquitoes, and the localization of their intestinal parasites. The
gastrointestinal tract of mice consists of esophagus, stomach, small and large intestine, and colon, whereas in mosquitoes, it comprises the foregut, diverticulum
(crop), midgut (anterior and posterior) and hindgut. One of the differences between gut organization is the separation of the food digestive and nutrient absorption
functions taking place in the stomach and the small intestine of mice. In mosquitoes, digestion and absorption occur in the same organ, the midgut. The tracts secrete
a protective layer that serves as a mechanical barrier against the acidic gastric environment and diverse pathogens. In mammals, epithelial goblet cells dispersed
throughout the epithelium produce a viscous mucus layer that covers the entire tract, except the large intestine, which is characterized by a double mucus layer.
Similarly to mucus, mosquitoes secrete the peritrophic matrix (PM), a semi-permeable extracellular structure composed of chitin and glycoproteins. In larvae, the PM is
secreted continuously by a specialized organ cardia located in the anterior midgut, whereas in adult females, it is believed to be secreted by the midgut epithelial cells
only after blood feeding. Small (A) and large (B) intestines of mice harbor a series of gastrointestinal parasites: Toxoplasma exploits the small intestine for the
establishment of the infection; Giardia and adult Heligmosomoides polygyrus worms thrive in the lumen of the small intestine, while adults of Trichuris muris anchor to
the epithelial cells of the large intestine. In mosquitoes, Plasmodium invades the posterior midgut to establish extracellular infection at the basal side of the epithelial
cells (C). GL, gut lumen; CM, complex microbiota; ML, mucus layer; EC, epithelial cells; AC, abdominal cavity; PM, peritrophic matrix; BL, basal lamina; HL,
hemolymph.
communities from bacteria-rich breeding water, whereby re-
acquiring the microbial fingerprint of their larval environment
(Lindh et al., 2008). Indeed, the diversity of the adult microbiota
resembles themicrobial composition of the aquatic larval habitats
(Boissière et al., 2012; Gimonneau et al., 2014; Dickson et al.,
2017). Larval diet shapes the microbial communities, impacts
mosquito development and female susceptibility to infection
with the human malaria parasite Plasmodium (Linenberg et al.,
2016). In Anopheles, only female adults feed on blood to initiate
their reproductive cycle. The change of diet from carbohydrate-
rich nectar to protein- and lipid-rich blood induces massive
bacterial proliferation and changes in microbial composition
in the gut (Dong et al., 2009; Tchioffo et al., 2016). Despite
the vast variability in the microbiota of individual mosquitoes
from diverse geographical locations, γ-Proteobacteria dominate
mosquito microbial communities and in particular, Enterobacter,
Serratia, Pantoea, Asaia, Aeromonas, Pseudomonas, and Bacillus
(Straif et al., 1998; Lindh et al., 2005; Rani et al., 2009; Boissière
et al., 2012; Osei-Poku et al., 2012; Ngo et al., 2015).
INTESTINAL PARASITE INFECTIONS AND
ASSOCIATED CHANGES IN HOST
MICROBIOTA
Microbial Changes Induced by Protozoan
Parasite Infections
Giardia lamblia is an extracellular gastrointestinal parasite with
a wide global distribution and still remains a common cause of
food and waterborne-associated diarrhoeal disease (Figure 1A;
Halliez and Buret, 2013). Giardia trophozoites attach to the
epithelial lining of the small intestine and therefore they remain
in intimate contact with the resident commensal microbiota
of the host (Adam, 2001). Giardia infection in mice leads to
localized shifts in the commensal microbial communities of the
host small intestine. However, few studies have characterized the
dynamics of Giardia-microbiota interactions in greater detail.
During the early stages of infection, increased numbers of
adherent and mucus-associated bacteria, as well as epithelial cell
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damage-related translocation of commensal bacteria from the
intestine to the spleen and liver have been demonstrated (Chen
et al., 2013; Halliez et al., 2016).
Acute infection with G. lamblia in mice has been shown
to cause a significant expansion of β- and γ-Proteobacteria
in the small intestine, cecum and colon, whereas the relative
abundance of Clostridia and the diversity of Melainabacteria is
decreased (Figure 2A; Barash and Maloney, 2017). Importantly,
additional perturbations of the microbiota following antibiotic
administration did not prevent the observed shifts in gut
microbiota during murine giardiasis (Barash and Maloney,
2017). Investigations of the impact of diet on Giardia-induced
changes in microbial composition have further revealed
that while a low protein diet resulted in an increased
Firmicutes/Bacteroidetes ratio, Giardia infection further
enhanced the compositional shift in favor of Firmicutes,
predominantly of Clostridiales, Turicibacter, and Enterococcus
(Bartelt et al., 2017). In addition, Giardia infection increases
excretion of bile acid derivatives, phosphatidylcholine, and
taurine metabolites, as well as the availability of byproducts
of glucose metabolism, indicating Giardia-induced alterations
of host metabolism as a potential contributor to commensal
microbiota alterations observed during infection (Barash and
Maloney, 2017).
In contrast, the intracellular apicomplexan parasite
Toxoplasma gondii initially infects the small intestine,
where it induces significant immunopathological damage
before quick systemic dissemination in the host (Figure 1A;
Wilhelm and Yarovinsky, 2014). Despite the direct damage
to host epithelial cells inflicted during intracellular parasite
development, compositional changes in host intestinal
microbiota have been established as a key factor driving
intestinal immunopathology of toxoplasmosis in wild-type
and humanized mice (Heimesaat et al., 2006; Bereswill et al.,
2014; Von Klitzing et al., 2017). T. gondii infection causes
a notable expansion of Enterobacteriaceae, Bacteroides, and
Enterococcus (Heimesaat et al., 2006, 2014) and a decrease in
Lactobacillus, Bifidobacterium, Clostridia, and Bacteroidetes
species (Figure 2B; Heimesaat et al., 2006; Molloy et al., 2013).
The expansion of predominantly Gram-negative commensal
bacteria elevates proinflammatory cytokine production in the
gut and the immunopathology of toxoplasmosis (Heimesaat
et al., 2006). Similar toGiardia, T. gondii infection induces strong
compositional changes in the gut microbiota, that contribute to
the intestinal immunopathology of toxoplasmosis (Figure 2B).
Microbial Changes by Intestinal Nematode
Infections in Mice
Infection with the murine small intestinal nematode H.
polygyrus leads to profound changes in the host commensal
microbiota along the entire gastrointestinal tract (Walk
et al., 2010; Rausch et al., 2013; Reynolds et al., 2014).
In particular, Lachnospiraceae, Ruminoccoccaceae, γ-
Proteobacteria/Enterobacteria, and Bacteroides dominate
the cecum, while a greater abundance of Porphyromonadaceae,
Lactobacillaceae, and Clostridiaceae was detected in the ileum
(Figure 2C; Walk et al., 2010; Rausch et al., 2013). Importantly,
Reynolds et al. (2014) have correlated host susceptibility to
infection with a significant increase in Lactobacilli. Overall,
infections with H. polygyrus appear to change the balance
between Bacteroidetes and Firmicutes in favor of the latter
(Figure 2C).
The murine whipworm T. muris, on the other hand,
develops in the large intestine, where the adult parasites
protrude through the epithelium into the lumen (Holm et al.,
2015). Trichuris adults, therefore, reside in close proximity the
resident commensal microbiota of the host. Several studies have
previously demonstrated that murine infection with T. muris
results in shifts in the microbiota composition in the caecum
and colon (Figure 2D; Holm et al., 2015; Houlden et al., 2015).
During the early stages of infection, an increase in the abundance
of Bifidobacteria, Lactobacilli, Alistipes, Parabacteroides, and
Odirobacter has been observed. Later chronic stages increased
the abundance of Oscillibacter, Butyricicoccus, Parasutterella,
Sphyngomonas, and Halomonas, paralleled by a decrease in
Roseburia, Allobaculum, and Barnesiella genera (Figure 2D;
Holm et al., 2015). A significant reduction of Bacteroides
correlated with a shift in the metabolite composition of the
gut, affecting the biosynthesis of fatty acids, amino acids and
phospholipids (Houlden et al., 2015). Interestingly, type 1
fimbriae adhesins, structural components of the commensal
bacterium E. coli, were demonstrated to induce T. muris egg
hatching in vitro (Hayes et al., 2010). Consistently, depletion
of the host microbiota inhibits the establishment of infection
in vivo (Hayes et al., 2010). Interestingly, changes in host
microbiota caused by primary T. muris infection have been
shown to inhibit egg hatching of secondary infections with
T. muris, suggesting that some microbial products facilitate
establishment of T. muris during primary, but not secondary
infections (White et al., 2018). Overall, intestinal nematodes
appear to change the microbiota composition of their hosts
and alterations of the balance in abundances of Firmicutes and
Bacteroides have been highlighted as a shared feature in these
infection models.
Microbial Changes Associated With
Plasmodium Infections in Mosquitoes
In contrast to mammalian intestinal parasites residing primarily
in the intestinal lumen and allow for continuous interaction
between the parasites and the host microbiota, Plasmodium
swiftly transits through the mosquito gut without establishing
long-term residence in the lumen. The time that the parasite
remains in contact with the luminal bacteria following a blood
intake is limited to 24–30 h, by which time the majority
of the parasites have already traversed the gut epithelium
to escape the dangerous environment (Meis et al., 1989).
Therefore, the impact of Plasmodium on the gut microbiota at
this stage would be limited. Sporogonic parasite development
at the basal side of the gut takes approximately 2 weeks.
During this time, potential indirect parasite interactions with
midgut bacteria could take place. Tchioffo et al. (2016)
observed significant differences between mosquito microbial
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FIGURE 2 | Compositional alterations and functional significances of commensal bacterial groups during intestinal parasite infections in mice. The gastrointestinal
tract of mice is home to diverse communities of commensal bacterial species. Infections with intestinal pathogens are known to lead to notable alterations in the
commensal microbiota composition of the host. (A) Infection with the extracellular protozoan parasite Giardia lamblia leads to a significant expansion of bacterial
groups like Bacteroidales, Comononadaceae, Flavobacteriales, Moraxellaceae and Rhodocyclaceae, while Actinobacteria and Clostridiaceae display reduced
abundances. On the other hand, Lactobacilli are known to contribute to an overall better control of Giardia infection. (B) The intracellular protozoan parasite
Toxoplasma gondii leads to expansion in Bacteroides/Prevotella, Enterococcus and Escherichia coli, while the abundance of Bifidobacteria, Clostridiales, and
Lactobacilli decreases during infection. An overall expansion of Gram-negative bacteria has been shown to contribute to immunopathology during murine infection
with T. gondii. (C) Infection with the small intestinal parasitic nematode Heligmosomoides polygyrus leads to a marked expansion of commensal Clostridiaceae,
Lachnospiraceae, Porphyromonadaceae, and Ruminococcacce and Lactobacilli, the latter known to correlate with increased susceptibility to infection with H.
polygyrus. (D) Infection with the large intestinal nematode Trichuris muris leads to the expansion of Alistipes, Bifidobacteria, Halomonas, Lactobacilli, Odirobacter,
Oscillibacter, and Sphingomonas, while Allobaculum, Barnesiella, Parabacteroides, Prevotella, and Roseburia abundances decrease. Notably, commensal E. coli is
known to promote egg hatching during primary infection, while complex microbiota alterations occurring during primary infection appear to inhibit egg hatching during
secondary infection with T. muris. The bacterial groups highlighted in red have been demonstrated to take part in induction, maintenance or suppression of host
immune responses during the corresponding parasitic infections.
communities in the gut, ovaries and salivary glands at 1 and
8 days after P. falciparum infection. However, it is unclear
whether immune or metabolic factors mediate these changes.
Mosquito immune responses target predominantly the midgut-
traversing ookinetes, whereas exposure of early oocysts to
immune attacks is limited, questioning the role of anti-parasitic
immunity in the observed microbiota changes (Garver et al.,
2012). As Plasmodium oocysts scavenge mosquito lipids, and
possibly other nutrients essential for their proliferation and
virulence (Costa et al., 2017), the parasite may directly impact
mosquito metabolism. However, it remains to be investigated
whether Plasmodium competes with bacteria during its gut




Responses to Protozoan Parasites
Protective immunity to Giardia predominantly relies on the
secretion of intestinal IgA and the induction of pro-inflammatory
Th17 responses, supporting neutrophil recruitment and secretion
of antimicrobial peptides (Dann et al., 2015; Saghaug et al.,
2015). However, our current understanding of the potential
immunomodulatory roles of the commensal microbiota in the
induction and maintenance of host immunity against Giardia
remains very limited. Although microbiota-independent CD4+
T-cell responses appear crucial for host protection, CD8+ T
cell activation has been shown to be ablated in the gut of
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infected animals treated with antibiotics, suggesting a potential
involvement of the intestinal microbiota in the activation of
CD8+ T cell responses during giardiasis (Keselman et al.,
2016). The mechanisms of CD8+ T-cell activation and their
potential contribution to immune control during infection with
Giardia, however, remain to be established (Keselman et al.,
2016). Susceptibility to G. lamblia infection has previously been
shown to vary in mice with an identical genetic background,
but originating from independent commercial suppliers, further
implicating host microbiota composition in shaping the course
of Giardia infection (Singer and Nash, 2000). The microbiota of
resistant mouse strains was later shown to contain Segmented
Filamentous Bacteria (SFB), members of the family Clostridiales,
while susceptible mice lacked this group (Ivanov et al., 2008).
Importantly, SFB play a central role in the induction of intestinal
Th17 responses (Ivanov et al., 2009), suggesting that microbiota-
driven support for Th17 responses potentially facilitates immune
control of Giardia infections. However, a direct link between
the immunostimulatory properties of SFB and susceptibility to
infection with Giardia remains to be established (Figure 3A).
T. gondii infection in mice, on the other hand, leads
to potent Th1 immune responses and importantly, resident
intestinal bacteria are known to play an important role in
localized intestinal Th1 response polarization by providing
molecular adjuvant signals in a TLR/MyD88-dependent manner,
thus triggering IL-12 and IFN-γ production (Figure 3B;
Benson et al., 2009). Studies have demonstrated the formation
of distinct structured accumulations of host cells along
the ileum of T. gondii-infected mice, named “intracellular
casts,” which contained elevated levels of γ-Proteobacteria and
were enriched for highly activated neutrophils and ROS-
producing inflammatory monocytes (Grainger et al., 2013;
Molloy et al., 2013). Further analysis revealed that the
presence and expansion of γ-Proteobacteria positively influenced
neutrophil infiltration into the lumen and, hence, played a role
in the induction of intraluminal casts formation, suggesting
that commensal bacteria potentially contribute to bacterial
overgrowth and support the control of overt pathology during
acute murine toxoplasmosis (Molloy et al., 2013). Additionally,
inflammatory monocytes from small intestinal lamina propria
were shown to adopt a mixed proinflammatory/regulatory
phenotype during acute infection with T. gondii. The parallel
secretion of IL-10, TNF-α, and PGE2 by these monocytes
was demonstrated to depend on a range of commensal
bacteria-derived ligands and has been correlated with potential
PGE2-dependent suppression of commensal-driven neutrophil
activation (Grainger et al., 2013). Moreover, toxoplasmosis is
associated with the differentiation of CD4+ T cells specific for
commensal microbes marked by a Th1 phenotype in a manner
similar to parasite-specific Th1 cells (Figure 3B; Hand et al.,
2012).
Microbiota-Associated Immune
Responses to Parasitic Nematodes
Efficient immune control of intestinal nematodes largely
depends on the development of protective type 2 immune
responses driven by CD4+ Th2 cells in concert with type
2 innate lymphoid cells. Both cell types produce the Th2
cytokines IL-4, −5, and −13 leading to concerted immune
effector mechanisms. These mechanisms fortify intestinal
barriers via enhanced mucus production, increased epithelial
cell turnover, intestinal fluid influx and hypercontraction
of smooth muscle cells (Sorobetea et al., 2018). Nematode
infections additionally support the activation and expansion of
regulatory T cells (Tregs) (Maizels et al., 2012), a phenomenon
linked to the anti-inflammatory effect of nematode infections
in several models of autoimmunity (McSorley and Maizels,
2012).
Whether the microbiota affects the development of immune
effector mechanisms during nematode infections has only
recently received attention. One study has reported that
low dose antibiotic treatment during H. polygyrus infection
increased the abundance of members of the Lactobacillaceae
and Enterobacteriaceae bacterial families (Reynolds et al., 2014).
Lactobacilli abundance correlated positively with worm burdens,
and, importantly, with higher numbers of Foxp3+ Tregs in
gut-associated lymphoid tissue, suggesting Lactobacilli-mediated
induction of Treg responses (Figure 3C). However, increased
Lactobacilli abundance was observed only in C57BL/6 mice
permissive for long-lasting infections with high worm burdens,
while more resistant BALB/cmice did not display this phenotype.
Interestingly, administration of Lactobacilli to more resistant
mice increased their susceptibility to infection (Reynolds et al.,
2014). In addition, H. polygyrus-dependent changes in intestinal
microbiota composition have been correlated to the suppression
of allergic airway inflammation. High concentrations of short-
chain fatty acids (SCFA) resulted from the increased abundance
of Clostridiales bacteria inH. polygyrus infected mice (Figure 3C;
Zaiss et al., 2015). The SCFA increase supports mucosal
Treg responses associated with the reduced susceptibility of
mice to allergic airway inflammation (Zaiss et al., 2015).
Furthermore, Ohnmacht et al. (2015) found that the microbiota
is needed for the induction of highly activated RORγT+
Foxp3+ Tregs, which could be induced via the introduction
of a cocktail of Clostridia species in germfree mice, most
likely via the provision of the SCFA butyrate (Figure 3C).
Importantly, the conditional removal of the RORγT+ Treg
subset rendered H. polygyrus-infected mice more resistant to
infection due to the development of a more robust Th2 response.
Together, these observations suggest that the microbiota can
indirectly control intestinal Th2 responses via the induction
and maintenance of suppressive Treg subsets in the context
of intestinal nematode infections (Figure 3C; Ohnmacht et al.,
2015).
T. muris infection, on the other hand, leads to a notable
decrease in Bacteroides producing SCFA, and a concomitant
decrease in Foxp3+ Tregs in the lamina propria during
chronic infection (Houlden et al., 2015). Moreover, Tregs in
T. muris infection appeared less prone to release the anti-
inflammatory cytokine IL-10. Therefore, chronically infected
mice were more susceptible to intestinal inflammation and
displayed poor worm expulsion due to the development of
Th1 responses counteracting Th2 immunity (Figure 3D; Holm
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FIGURE 3 | Microbiota-dependent host immune responses during intestinal parasite infections in mice. (A) Segmented filamentous bacteria (SFB), members of the
Clostridiales bacterial group colonizing the small intestinal tract of mammals, are potent inducers of intestinal IgA and Th17 responses in mice. Importantly, both IgA
and Th17 responses are key host protective immune mechanisms against the protozoan parasite Giardia lamblia. IgA can directly target trophozoites, while IL-17A
supports polymeric Ig receptor expression and hence IgA transport into the lumen, in addition to promoting antimicrobial peptide (AMP) secretion by epithelial cells.
Resistance phenotypes to giardiasis have previously been linked to the presence or absence of SFB, suggesting a potential correlation between microbiota-induced
intestinal IgA and Th17 responses and control of infection with Giardia. (B) During acute murine infection with Toxoplasma gondii, the presence of complex intestinal
microbiota leads to MyD88-dependent signaling, triggering protective IL-12 responses in intestinal dendritic cells. (C) During infection with the small intestinal
nematode Heligmosomoides polygyrus, the increased abundance of Lactobacilli and Clostridiales producing short chain fatty acids (SCFA)have been shown to induce
the expansion of Foxp3+ regulatory T cells (Treg) in the gut, while SFB additionally induce the development of a highly potent immunosuppressory subset of
Foxp3+RORγT+ Treg, thus indirectly suppressing Th2 cell responses during infection. (D) A decrease in SCFA-producing Bacteroides and elevated abundances of
Lactobacilli during chronic T. muris infection correlate with decreased intestinal Treg numbers and importantly, these Tregs appeared less prone to secrete IL-10 during
chronicity.
et al., 2015). Thus, in nematode infection, the commensal
microbiota and, importantly, specific bacterial groups,
appear essential for both the induction and suppression of
host immune responses. Contextually, this can contribute
to resistance or susceptibility to infection, depending




Multiple reports in the past have highlighted the ability of
bacteria to inhibit the establishment of Plasmodium infection
in the mosquito host (Gonzalez-Ceron et al., 2003; Dong et al.,
2009; Cirimotich et al., 2011; Tchioffo et al., 2013; Bahia et al.,
2014). Consistently, some antibiotic treatments promote parasite
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development (Beier et al., 1994; Dong et al., 2009; Gendrin et al.,
2015, 2016). Plasmodicidal properties have been reported for
diverse microbes and must rely on some general rather than
species-specificmechanisms (Lowenberger et al., 1999; Gonzalez-
Ceron et al., 2003; Dong et al., 2009; Cirimotich et al., 2011;
Tchioffo et al., 2013).
Female mosquitoes alternate between sugar and blood
feeding. Such diverse diets expose the gut to strong physiological
and oxidative challenges (reviewed in Sterkel et al., 2017).
Uptake of proteins and lipids from iron and heme-rich
blood induces massive metabolic and transcriptional changes
in the midgut (Figure 4). Nutrient abundance sets off
bacterial proliferation which, in turn, induces expression
of immune genes (Dong et al., 2009). Blood intake elevates
hydrogen-peroxide levels in the mosquito hemolymph
and activates reactive oxygen species (ROS) detoxification
responses (Kumar et al., 2003; Molina-Cruz et al., 2008;
de Almeida Oliveira et al., 2012). However, how blood-
feeding affects ROS levels in the midgut, and the underlying
mechanisms remain unknown (Figure 4B). What is clear
is that ROS inhibition after blood feeding causes lethal
systemic bacterial infections, suggesting a crucial link between
oxidative stress and immune activation (Molina-Cruz et al.,
2008).
The peritrophic matrix (PM) provides the first line of
defense against blood meal-induced oxidative stress and bacterial
infections (Figures 1, 4B). The cardia cells of mosquito larvae
continuously secrete sleve-shaped PM (type II), whereas adult
epithelial midgut cells synthesize type I PM only after blood
feeding (Wigglesworth, 1930; Waterhouse, 1953). Feeding on
complex organic matter continuously exposes larvae to bacteria.
In contrast, blood feeding induces massive bacterial proliferation
in the gut and renders adult females particularly vulnerable
to microbial infections (Dong et al., 2009; Linenberg et al.,
2016). Such differences in mosquito exposure to microbes
at these developmental stages likely contribute to constant
PM secretion in larvae vs. inducible PM secretion in adults.
Interestingly, PM synthesis in adults requires midgut microbiota.
Bacterial proliferation after blood feeding upregulates expression
of hundreds of genes, including the genes encoding PM proteins
such as glucosamine-fructose-6-phosphate aminotransferase
(GFAT) and chitin synthase enzyme 1 (CHS1; Rodgers et al.,
2017). Conversely, antibiotic treatment before blood feeding
compromises the integrity of PM by inhibiting expression of
GFAT and CHS1, but also the genes encoding peritrophic
proteins 1 and 14, whereas it upregulates expression of the
PM-degradation chitinase genes A and B (Rodgers et al.,
2017; Song et al., 2018). The PM of mosquitoes, therefore,
serves as an inducible protective mechanical barrier against
bacteria.
The immune-deficiency (IMD) pathway, initially identified in
Drosophila, is the major immune pathway that control bacterial
infections by coordinated expression of antimicrobial peptide
(AMPs) genes (Buchon et al., 2009; Broderick et al., 2014).
In Anopheles, the pathway is activated by the recognition of
DAP-type and lysine-type peptidoglycans by the peptidoglycan
recognition protein LC (PGRP-LC; Meister et al., 2009).
Although relatively understudied in the mosquito gut, several
lines of evidence suggest that IMD is functional in this
tissue. A. gambiae mosquitoes with intact microbiota display
higher basal expression levels of immune genes compared
to antibiotic-treated controls (Figure 4A; Dong et al., 2009).
These genes encode a range of AMPs, signal-transducing
serine proteases, IMD pathway components and immune genes
such as fibrinogen-related and thioester-containing proteins
among others (Dong et al., 2009). Importantly, silencing of a
transcriptional activator of the NF-kB family, REL2 and of PGRP-
LC receptor, promotes the proliferation of gut microbiota and
increases mosquito susceptibility to Plasmodium infection (Dong
et al., 2009; Meister et al., 2009). The proliferation of bacteria is
believed to activate the IMD pathway via the PGRP-LC receptor.
Since bacterial proliferation 24 h after blood feeding coincides
with ookinete transversal of the midgut epithelium, it may
also lead to the IMD-mediated killing of Plasmodium parasites
(Figure 4B; Dong et al., 2009; Meister et al., 2009; Linenberg
et al., 2016). Indeed, clearance of the mosquito microbiota by
antibiotics before infection increases mosquito susceptibility to
Plasmodium, whereas bacteria inoculation by feeding decreases it
in a PGRP-LC-dependent manner (Meister et al., 2009).
Wolbachia, intracellular maternally transmitted bacteria,
confer protection to their arthropod hosts against a range of
pathogens (Hedges et al., 2008; Teixeira et al., 2008; Kambris
et al., 2009; Moreira et al., 2009; Hughes et al., 2011). Wolbachia
has been identified in natural Anopheles populations in Burkina
Faso and Mali (Baldini et al., 2014; Gomes et al., 2017).
Importantly, Wolbachia infections (experimental transovarian
of the Asian malaria vector A. stephensi, natural infections of
A. coluzzii and somatic infections in A. gambiae) significantly
decrease the prevalence of P. falciparum-infected mosquitoes
(Hughes et al., 2011; Bian et al., 2013; Shaw et al., 2016;
Gomes et al., 2017). Although the mechanisms that cause
mosquito resistance to Plasmodium remain to be elucidated,
experimental Wolbachia infections induce expression of a series
of immune effectors and ROS which could potentiate parasite
killing (Kambris et al., 2009; Bian et al., 2013).
In addition to inducing the immunity-mediated Plasmodium
killing, some bacteria show direct plasmodicidal activity.
Enterobacter isolates from Zambian Anopheles kill P. falciparum
in the midgut when administrated with the infectious blood
meal (Cirimotich et al., 2011). This has been attributed to direct
inhibition of ookinete development by the bacteria-produced
ROS (Cirimotich et al., 2011). Soluble factors released by Serratia
marcescens also inhibit P. falciparum ookinete development
in the mosquito (Bahia et al., 2014). Inhibition of P. berghei
ookinetes in vivo was linked to the length of the flagella and
the motility of S. marcescens (Bando et al., 2013). Currently,
it is unclear whether this inhibition is direct or immunity-
mediated. Furthermore, oral administration ofChromobacterium
sp. isolated from A. aegypti in Panama, induces high mortality
in mosquito larva and adults, whereas the surviving mosquitoes
exhibit low Plasmodium infection loads (Ramirez et al.,
2014). Biochemical analyses identified romidepsin, the histone
deacetylase inhibitor, as the plasmodicidal factor, uncovering an
essential role of histone modifications in the mosquito stages of
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FIGURE 4 | Immune responses of mosquitoes to midgut bacteria and to Plasmodium parasites. Immune responses to resident bacteria before (A) and after blood
feeding (B). Proliferation of the midgut bacteria is regulated mainly by IMD pathway, however the tissue specificity of its expression remains unknown. Immune
responses could be coming from the gut, hemocytes (mosquito blood cells), or fat body (nutrient storage and immune tissue). Involvement of other immune pathways,
including reactive oxygen species (ROS), in response to midgut bacteria is not well-characterized. Blood feeding-induced bacteria proliferation activates immune
responses that also curb the invasion of Plasmodium, mainly at the ookinete stage of development. GL, gut lumen; CM, complex microbiota; PM, peritrophic matrix;
EC, epithelial cells; BL, basal lamina; HL, hemolymph; FB, fat body.
Plasmodium. Surprisingly, administration of romidepsin did not
affect mosquito survival, suggesting that another bacterial factor
mediates the Chromobacterium-induced mortality (Saraiva et al.,
2018).
How plasmodicidal properties of mosquito microbiota
correlate with dynamics of Plasmodium transmission in the
field remains unknown. In laboratory conditions, Serratia sp.
and Enterobacteriaceae curb Plasmodium infection (Bando et al.,
2013; Tchioffo et al., 2013; Bahia et al., 2014). In contrast, two
semi-field studies in Cameroon associated the same bacteria
with higher P. falciparum loads (Boissière et al., 2012; Tchioffo
et al., 2016). Most of the experimental studies examined the
role of microbes in Plasmodium infections using microbiota-
free mosquitoes, and the results of the few field studies stress
the importance of studying the tripartite interactions between
mosquitoes, microbes and parasites in natural conditions.
BACTERIAL FEEDING VS. BACTERIAL
CLEARANCE
Manipulating Host Microbiota as a
Treatment Strategy Against Protozoan
Parasites
Treatment of giardiasis primarily relies on the administration of
antibiotics like metronidazole. However, due to rising levels of
resistance, frequent reports of side effects and clinical failures,
there is a growing need for the development of novel alternative
treatment strategies (Table 1; Ansell et al., 2015). In the past, it
has been shown that the use of Lactobacilli as probiotics in the
treatment of giardiasis holds promise. In G. duodenalis-infected
gerbils, administration of L. johnsonii La1 leads to reduced
infection rates, lack of pathological damage to the epithelial cell
layer and absence of immune cell infiltration and inflammation
in mice receiving the probiotic compared to the placebo group
(Humen et al., 2005). One proposed mechanism of the observed
anti-giardial activities of L. johnsonii La1 has been attributed to
the metabolic generation of unconjugated bile salts (Pérez et al.,
2001; Travers et al., 2016). Very recently, Allain et al. tested
in vitro and in vivo the anti-giardial activity of three bile salt
hydrolases (BSH), enzymes naturally produced by L. johnsonii
La1 (Allain et al., 2018). In vitro treatment of G. duodenalis
with increasing concentrations of recombinant BSH47 and
BSH56 enzymes revealed a dose-dependent giardicidal activity
of both enzymes in the presence of bile. Importantly, the
group further demonstrated the anti-giardial activity of rBSH47
after administration to G. duodenalis-infected suckling mice,
supporting the view of L. johnsonii La1 as a probiotic candidate
for the treatment of Giardia infections.
Along the same line, Enterococcus faecalis SF68, a lactic acid
bacterium indigenous to the mammalian commensal microbiota,
has also been suggested as a potential probiotic treatment for
Giardia. Oral administration of this strain prior to G. lamblia
infection led to elevated levels of total IgA levels in small intestine
during the acute stage of infection, as well as higher levels of
specific anti-Giardia IgA and systemic IgG compared to control
animals. Nevertheless, parasitological data were less conclusive
and the use of E. faecalis SF68 as a probiotic supporting
anti-Giardia immunity merits further investigations (Benyacoub
et al., 2005). Overall, it appears that administration of probiotic
Lactobacilli in Giardia-infected mice reduces epithelial damage,
attenuates overt inflammation and fosters enzymatic giardicidal
activity.
Treatment of toxoplasmosis, on the other hand, relies
primarily on the administration of pyrimethamine and
sulfonamide drugs (Alday and Doggett, 2017). Recently, the
administration of Bifidobacterium animalis subsp. lactis to mice
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TABLE 1 | Administration modes, outcomes and proposed mechanisms of action of probiotic bacteria as potential treatment strategies against intestinal parasitic
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chronically infected with T. gondii demonstrated enhanced
serum levels of anti-T. gondii IgG and higher numbers of CD19+
B-lymphocytes, a reduction in brain cysts, and attenuated
intestinal villi inflammation in the probiotic-treated group
(Ribeiro et al., 2016). Conversely, previous work in gnotobiotic
mice colonized by probiotic E. coli strains revealed that these
microbes contribute significantly to intestinal inflammation
during T. gondii-infection (Bereswill et al., 2013). These results
indicate that the use of probiotic bacterial strains in the treatment
of intestinal parasite infections is highly contextual and reports
on the potential benefits and risks for host health should be
considered in the future design of novel probiotics.
Probiotic Administration and Microbiota
Manipulation During Nematode Infections
In intestinal helminth infections, few in vivo or in vitro studies
have demonstrated mechanisms of action of probiotic bacteria
favoring either infection resistance or susceptibility. Treatment of
T. muris-infectedmice with viable or dead probiotic Lactobacillus
casei led to the maintainance of high worm burdens in the
chronic phase of infection and concurrently suppressed cellular
and Th1/Th2 cytokine responses in secondary lymphoid organs
(Dea-Ayuela et al., 2008). On the other hand, administration
of live Lactobacillus rhamnosus JB-1 to T. muris-infected
mice resulted in accelerated worm expulsion and elevated gut
tissue concentrations of IL-10, but not Th2 or Th1 cytokines.
Administration of L. rhamnosus enhanced worm expulsion in
mice deficient in mucin 2 (Muc2−/−), a key component of the
intestinal mucus layer led to elevated goblet cell frequencies
compared to medium-treated Muc2−/− mice, suggestive of
probiotic-dependent induction of additional mucins involved in
worm expulsion (McClemens et al., 2013).
The administration of probiotic bacteria against
gastrointestinal protozoan parasite infections has gained
attention as a novel and effective treatment strategy (Table 1).
Numerous studies have highlighted a range of beneficial
aspects of probiotic bacteria including support for intestinal
antibody responses, reduction in immunopathology and elevated
anti-inflammatory cytokine responses, as well as potential
competition for nutrients with the invading intestinal parasite
species. On the other hand, the introduction of certain probiotic
bacteria during intestinal parasite infections could also have a
number of detrimental effects, including increasing the numbers
of intestinal Tregs and thus potentially facilitating nematode
survival or providing support for damaging inflammatory
reactions during infection.
Microbiota Manipulations in Mosquitoes as
a Vector Control Strategy
The environmental bias of the mosquito microbiome poses a
significant challenge for its manipulation for vector control
purposes. However, several approaches have been explored
for introducing into natural mosquito populations bacteria
with anti-Plasmodium properties (Table 1). Wolbachia has been
successfully exploited in A. aegypti mosquitoes to interrupt the
transmission of dengue virus (Hoffmann et al., 2011, 2014).
EfficientWolbachia application for malaria control requires rapid
bacterial spread in the mosquito populations. This spread relies
on Wolbachia ability to induce cytoplasmic incompatibility (CI)
in the host, which is manifested by the sterility of individuals
with different Wolbachia infection status (Bordenstein and
Werren, 2007). CI has not been observed inWolbachia naturally
occurring in A. gambiae. Instead, the bacteria appear to induce
a modest acceleration of egg-laying rates (Shaw et al., 2016).
For experimentally-introduced Wolbachia, successful maternal
transmission and CI has been reported in A. stephensi (Bian
et al., 2013). Another study has shown inhibition of vertical
Wolbachia transmission in A. gambiae and A. stephensi by
resident microbiota (Hughes et al., 2014), while other attempts to
stably introduceWolbachia inA. gambiae have been unsuccessful
(Kambris et al., 2009; Hughes et al., 2011).
Recently, mosquito colonization with genetically engineered
Serratia has been proposed as an alternative transmission-
blocking strategy (Wang et al., 2017). In addition to the
plasmodicidal activity of S. marcescence described above, the
engineered Serratia strains express one or multiple anti-
malarial effector proteins and successfully decrease P. falciparum
infections in A. stephensi (Wang et al., 2017). Serratia naturally
colonizes the mosquito midgut, ovaries and male accessory
glands, and is expected to spread throughout mosquito
populations. However, the persistence of genetically engineered
Serratia under laboratory conditions was only demonstrated for
three successive generations with a substantial drop in bacterial
loads already in the second generation (Wang et al., 2017).
A surprising link between immune activation and changes in
microbiota composition of the mosquito reproductive organs has
been reported recently. Transgenic mosquitoes that expressed
an active form of the REL2 transcriptional factor in the
midgut after a blood meal were reported to inhibit bacterial
proliferation and Plasmodium invasion (Dong et al., 2011).
Unexpectedly, activation of the IMD pathway modified the
mosquito mating behavior leading to the preferential mating
of transgenic males with wild-type females (Pike et al., 2017).
Although the exact mechanism is unclear, the authors proposed
that transgene expression inhibits bacterial proliferation in
the male reproductive organs and facilitates the spread of
the transgene (Pike et al., 2017). Surprisingly, female mating
preference was not affected by the transgene expression.Whether
such behavioral manipulation was caused by a particular
bacterial species or the overall bacterial loads and whether
transgenesis-induced changes were male-specific remains to be
investigated.
Another interesting approach tomosquito control exploits the
entomopathogenic bacteria Chromobacterium sp. and the fungus
Beauveria bassiana that exhibit plasmodicidal activities. As
discussed above, Chromobacterium interferes with Plasmodium
through histone modification processes and induces mortality by
an as yet unknown mechanism (Saraiva et al., 2018). B. bassiana,
on the other hand, downregulates IMD-mediated immunity and
expression of dual oxidase DUOX, causing midgut dysbiosis and
systemic infections by opportunistic bacteria that kill mosquitoes
(Wei et al., 2017). Therefore, disrupting or manipulating the
mosquito microbiome often has fatal consequences for the vector
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TABLE 2 | Comparison of intestinal immunity, microbial diversity and microbiota-related interactions within the murine hosts and the mosquito vectors during intestinal
parasitic infections.
Comparison Mouse Mosquito
Mechanical barriers Mucus layer, enriched in mucin glycoproteins, permanently lining the
intestinal epithelial layer as a shield from direct exposure to external stimuli
and invading microorganisms. Commensal microbiota supports mucus
secretion and maintenance.
Semipermeable peritrophic matrix (PM) composed of
chitin and glycoproteins, lining the entire larval gut. In
adult females, PM is secreted in the midgut upon blood
feeding, which induces significant microbial proliferation




Higher complexity and species diversity. Compositional changes occur
subject to environmental and dietary changes like breastfeeding or
gastrointestinal infections. Exhibits overall less drastic compositional shifts
during lifespan of host. Dominant bacterial groups include Enterobacter,
Lactobacillus, Bifidobacteria, Bacteroides, Clostridia, Ruminococcus.
Lower complexity and species diversity. High fluctuation
in diversity and species abundance observed throughout
the development and after blood meal uptake. Exhibits
drastic compositional shifts during vector development.
Dominant bacterial groups include Enterobacter, Serratia,
Pantoea, Asaia, Aeromonas, Pseudomonas, Bacillus.
Microbial fingerprint during
parasitic infections
Numerous studies have demonstrated significant alterations of intestinal
microbial communities during infections with protozoan parasites (eg.
Giardia lamblia and Toxoplasma gondii), as well as during nematode
infections with Heligmosomoides polygyrus or Trichuris muris.
Not enough evidence of Plasmodium influence on
midgut microbial communities, possibly due to limited




Segmented filamentous bacteria (family Clostridiales) are known potent
inducers of intestinal Th17 responses, key for host protection against
Giardia infection.
Midgut microbiota is a potent inducer of IMD/NF-κB
pathway. Basal activity of IMD is regulated by the midgut
microbiome, and bacterial proliferation after blood
feeding further enhances pathway activation. The
microbiota-dependent activation of the IMD pathway
impacts within-mosquito development of Plasmodium
falciparum.
Lactobacilli induce intestinal Treg responses during infection with H.
polygyrus, but not during T. muris infection, and correlate with higher worm
burdens
Enterobacter isolates have direct plasmodicidal activity.
They produce ROS that kills Plasmodium ookinetes.
Soluble factors of Serratia marcescens and motility of
some Serratia strains impact development of P. berghei
ookinetes.
Clostridia can induce suppressive Treg responses via short-chain fatty acid
production during H. polygyrus infection
Although understudied, immune activation after blood
feeding is linked to oxidative stress. Blood feeding
increases hydrogen peroxide levels and ROS
detoxification responses. Moreover, inhibition of ROS
leads to lethal systemic bacterial infections.
γ-Proteobacteria, among the most abundant commensal bacteria in mice,
contribute to intestinal immunopathology during T. gondii infection via
activation of neutrophils and ROS-producing inflammatory monocytes
γ-Proteobacteria is the most abundant class of bacteria
in mosquitoes. It limits mosquito vector competence for
Plasmodium transmission by inducing the IMD pathway
and probably other as yet unknown mechanisms.




Along the entire length of the mammalian intestinal tract
from the small intestine infected by Giardia, T. gondii, and
H. polygyrus, to the large intestine where T. muris thrives,
there is evidence of a critical and vastly complex relationship
between the host immune system, the resident microbiota and
the invading pathogens. Alterations of the host microbiota can
both affect the integrity and efficiency of protective immune
responses, as well as the development of the parasite and its
infection efficacy. However, we still lack a more comprehensive
understanding of the causality vs. correlation between specific
compositional shifts of the commensal bacterial communities in
the gut and the induction of host immune mechanisms during
intestinal parasite infections. More specifically, the majority of
current studies are performed in laboratory conditions, often
with microbiota-free animals. Despite their limited sample size,
field and semi-field studies provide valuable insights into the
microbiome complexity of naturalAnopheles populations and the
effects of natural microbial communities on Anopheles vectorial
capacity and anti-parasitic responses in mice deserve further
investigation.
The intestinal microbiota of mice and mosquitoes naturally
faces vastly contrasting environmental and biochemical
challenges due to major differences in host development,
physiology and diet among many other factors (Table 2).
The mouse microbiota displays higher complexity and species
diversity than the resident microbial community in themosquito,
but at the same time experiences less drastic variations and
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expansion compared to those seen in freshly blood-fed mosquito
females. While the significant expansion of γ-Proteobacteria
documented during acute T. gondii infection in mice contributes
to immunopathology due to the activation of neutrophils and
ROS-producing inflammatory monocytes, γ-Proteobacteria are
important players in limiting vector competence of mosquitoes
for Plasmodium. More importantly, the generation of ROS
is a crucial immune response mechanism in insects, induced
in response to a range of microorganisms. Considering the
importance of murine resident γ-Proteobacteria in the induction
of ROS-producing inflammatory monocytes against T. gondii, it
merits further investigations whether a similar bacteria-mediated
process is limiting vector capacity of mosquitos after uptake of
Plasmodium with the blood meal.
Following each bloodmeal, themosquitomidgut synthesizes a
semipermeable peritrophic matrix that shields the gut epithelium
from direct exposure to potentially harmful external stimuli and
invading microorganisms. Similarly, the murine gastrointestinal
tract contains a viscous layer of mucus enriched in mucin
glycoproteins protecting the intestinal epithelial layer (Table 2).
Microbes enhance mucus secretion in the mammalian gut
similarly to what has been suggested for PM deposition in the
mosquito. Further studies are required to see if distinct microbes
support the peritrophicmembrane and thereby limit Plasmodium
infection.
Changes in microbiota induced during intestinal parasite
infectionsmay provide valuable information on new intervention
strategies against these pathogens. A better mechanistic
understanding of how the microbial status and infection-
induced microbiome alterations of an individual affects
immune responses to parasites and of how the microbiome
could be targeted to reduce infection success of parasites
and arthropod vectorial capacity necessitates further studies.
So far, the diversity in study designs using a gnotobiotic,
mono-colonized, antibiotic-treated or standard-pathogen-
free mouse and vector models offers invaluable tools for
the elucidation of effector mechanisms responsible for the
induction and maintenance of immune responses and to
what extent specific members of the commensal microbiota
are involved. Nevertheless, variations in study design like
the colonization status of the host/vector, host age, sex,
commercial provider, parasite strain and infection dosage,
microbiota culturing and sampling techniques, as well as
differences in data analysis at the phylum, order, family, or
genus level present considerable challenges to microbiota
research. Caution must also be taken in the interpretation of
studies on microbiota-dependent immunity and the translation
of their findings outside the laboratory, as inbred lab-reared
mice/vectors experienced a considerable change in bacterial
diversity/composition compared to wild animals, which provide
a more representable animal model. Future studies should
consider parallel investigations of wild rodent models and
vectors from natural populations for a more comprehensive
understanding of the tripartite interactions between host,
microbiota and invading intestinal parasites. The administration
of cocktails of probiotic bacteria with varying stimulatory
effector functions, rather than single bacterial groups would
represent successful future probiotic treatment strategies. As
such, further studies focusing on how commensal and probiotic
bacterial communities communicate and regulate each other in
the context of gastrointestinal infections would be required in
humans, laboratory and free-living mice and mosquito species
alike.
AUTHOR CONTRIBUTIONS
All authors contributed to the work presented in this manuscript.
EL and SH conceived the original framework of this paper.
IY and SZ performed the literature search and wrote the
manuscript. EL, SR, GC, and SH edited and critically revised the
manuscript.
FUNDING
The study was supported by the German Research Foundation by
the Research Training Group 2046 (GRK 2046) within project A1
and B4 to EL and SH. SZ received a stipend from the GRK 2046
and IY received funding from the Graduate School Scholarship
Program (GSSP) of the German Academic Exchange Service
(DAAD).
REFERENCES
Adam, R. D. (2001). Biology of Giardia lamblia. Clin. Microbiol. Rev. 14, 447–475.
doi: 10.1128/CMR.14.3.447-475.2001
Alday, P. H., and Doggett, J. S. (2017). Drugs in development for toxoplasmosis:
advances, challenges and current status. Drug Des. Devel. Ther. 11, 273–293.
doi: 10.2147/DDDT.S60973
Allain, T., Chaouch, S., Thomas, M., Vallée, I., Buret, A. G., Langella, P., et al.
(2018). Bile-Salt-Hydrolases from the probiotic strain Lactobacillus johnsonii
La1mediate anti-giardial activity in vitro and in vivo. Front. Microbiol. 8:2707.
doi: 10.3389/fmicb.2017.02707
Ansell, B. R., McConville, M. J., Ma’ayeh, S. Y., Dagley, M. J., Gasser, R. B., Svärd,
S. G., et al. (2015). Drug resistance in Giardia duodenalis. Biotechnol. Adv. 33,
888–901. doi: 10.1016/j.biotechadv.2015.04.009
Bahia, A. C., Dong, Y., Blumberg, B. J., Mlambo, G., Tripathi, A., Benmarzouk-
Hidalgo, O. J., et al. (2014). Exploring Anopheles gut bacteria for
Plasmodium blocking activity. Environ. Microbiol. 16, 2980–2994.
doi: 10.1111/1462-2920.12381
Baldini, F., Segata, N., Pompon, J., Marcenac, P., Shaw, W. R., Dabiré, R. K.,
et al. (2014). Evidence of natural Wolbachia infections in field populations of
Anopheles gambiae. Nat. Commun. 5, 3985. doi: 10.1038/ncomms4985
Bando, H., Okado, K., Guelbeogo, W. M., Badolo, A., Aonuma, H., Nelson,
B., et al. (2013). Intra-specific diversity of Serratia marcescens in Anopheles
mosquito midgut defines Plasmodium transmission capacity. Sci. Rep. 3, 1–9.
doi: 10.1038/srep01641
Barash, N. R., and Maloney, J. G. (2017). Giardia alters commensal microbial
diversity throughout the murine. Gut 85, 1–18. doi: 10.1128/IAI.00948-16
Bartelt, L. A., Bolick, D. T., Mayneris-Perxachs, J., Kolling, G. L., Medlock,
G. L., Zaenker, E. I., et al. (2017). Cross-modulation of pathogen-specific
pathways enhances malnutrition during enteric co-infection with Giardia
lamblia and enteroaggregative Escherichia coli. PLoS Pathog. 13:e1006471.
doi: 10.1371/journal.ppat.1006471
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 13 September 2018 | Volume 8 | Article 308
Yordanova et al. Micromanaging Immunity in Mice Versus Mosquitoes
Beier, M. S., Pumpuni, C. B., Beier, J. C., and Davis, J. R. (1994). Effects of
para-aminobenzoic acid, insulin, and gentamicin on Plasmodium falciparum
development in Anopheline mosquitoes (Diptera: Culicidae). J. Med. Entomol.
31, 561–565. doi: 10.1093/jmedent/31.4.561
Benson, A., Pifer, R., Behrendt, C. L., Hooper, L. V., and Yarovinsky, F. (2009). Gut
commensal bacteria direct a protective immune response against Toxoplasma
gondii. Cell Host Microbe 6, 187–196. doi: 10.1016/j.chom.2009.06.005
Benyacoub, J., Pérez, P. F., Rochat, F., Saudan, K. Y., Reuteler, G., Antille, N., et al.
(2005). Enterococcus faecium SF68 enhances the immune response to Giardia
intestinalis in mice. J. Nutr. 135, 1171–1176. doi: 10.1093/jn/135.5.1171
Bereswill, S., Fischer, A., Dunay, I. R., Kühl, A. A., Göbel, U. B., Liesenfeld, O., et al.
(2013). Pro-inflammatory potential of Escherichia coli strains K12 and Nissle
1917 in a murine model of acute ileitis. Eur. J. Microbiol. Immunol. 3, 126–134.
doi: 10.1556/EuJMI.3.2013.2.6
Bereswill, S., Kühl, A. A., Alutis, M., Fischer, A., Möhle, L., Struck, D., et al. (2014).
The impact of Toll-like-receptor-9 on intestinal microbiota composition and
extra-intestinal sequelae in experimental Toxoplasma gondii induced ileitis.Gut
Pathog. 6:19. doi: 10.1186/1757-4749-6-19
Bian, G., Joshi, D., Dong, Y., Lu, P., Zhou, G., Pan, X., et al. (2013).
Wolbachia invades Anopheles stephensi. Science 340, 748–751.
doi: 10.1126/science.1236192
Boissière, A., Tchioffo, M. T., Bachar, D., Abate, L., Marie, A., Nsango, S. E.,
et al. (2012). Midgut microbiota of the malaria mosquito vector Anopheles
gambiae and interactions with Plasmodium falciparum infection. PLoS Pathog.
8:e1002742. doi: 10.1371/journal.ppat.1002742
Bordenstein, S. R., and Werren, J. H. (2007). Bidirectional incompatibility
among divergent Wolbachia and incompatibility level differences among
closely related Wolbachia in Nasonia. Heredity (Edinb). 99, 278–287.
doi: 10.1038/sj.hdy.6800994
Broderick, N. A., Buchon, N., and Lemaitre, B. (2014). Microbiota-induced
changes in drosophila melanogaster host gene expression and gut morphology
microbiota-induced changes in Drosophila melanogaster host. Gene 5, 1–13.
doi: 10.1128/mBio.01117-14
Buchon, N., Broderick, N. A., Poidevin, M., Pradervand, S., and Lemaitre,
B. (2009). Drosophila intestinal response to bacterial infection: activation
of host defense and stem cell proliferation. Cell Host Microbe 5, 200–211.
doi: 10.1016/j.chom.2009.01.003
Cebra, J. J., Periwal, S. B., Lee, G., Lee, F., and Shroff, K. E. (1998). Development
and maintenance of the gut-associated lymphoid tissue (GALT): the roles of
enteric bacteria and viruses. Dev. Immunol. 6, 13–18.
Chen, T. L., Chen, S., Wu, H. W., Lee, T. C., Lu, Y. Z., Wu, L. L.,
et al. (2013). Persistent gut barrier damage and commensal bacterial influx
following eradication of Giardia infection in mice. Gut Pathog. 5, 1–12.
doi: 10.1186/1757-4749-5-26
Cirimotich, C. M., Dong, Y., Clayton, A. M., Sandiford, S. L., Souza-Neto,
J. A., Mulenga, M., et al. (2011). Natural microbe-mediated refractoriness
to Plasmodium infection in Anopheles gambiae. Science 332, 855–858.
doi: 10.1126/science.1201618
Costa, G., Gildenhard, M., Eldering, M., Lindquist, L., Hauser, A. E.,
Sauerwein, R., et al. (2017). Non-competitive resource exploitation within-
mosquito shapes evolution of malaria virulence. bioRxiv . [Preprint]. 1–26.
doi: 10.1093/femsyr/foy001/4794945
Dann, S. M., Manthey, C. F., Le, C., Miyamoto, Y., Gima, L., Abrahim, A., et al.
(2015). IL-17A promotes protective IgA responses and expression of other
potential effectors against the lumen-dwelling enteric parasite Giardia. Exp.
Parasitol. 156, 68–78. doi: 10.1016/j.exppara.2015.06.003
de Almeida Oliveira, G., Lieberman, J., and Barillas-Mury, C. (2012). Epithelial
nitration by a peroxidase/NOX5 system mediates mosquito antiplasmodial
immunity. Science 335, 856–859. doi: 10.1126/science.1209678
Dea-Ayuela, M. A., Rama-Iñiguez, S., and Bolás-Fernandez, F. (2008).
Enhanced susceptibility to Trichuris muris infection of B10Br mice treated
with the probiotic Lactobacillus casei. Int. Immunopharmacol. 8, 28–35.
doi: 10.1016/j.intimp.2007.10.003
Dickson, L. B., Jiolle, D., Minard, G., Moltini-Conclois, I., Volant, S., Ghozlane, A.,
et al. (2017). Carryover effects of larval exposure to different environmental
bacteria drive adult trait variation in a mosquito vector. Sci. Adv. 3, 1–15.
doi: 10.1126/sciadv.1700585
Dong, Y., Das, S., Cirimotich, C., Souza-Neto, J. A., McLean, K. J., and
Dimopoulos, G. (2011). Engineered anopheles immunity to plasmodium
infection. PLoS Pathog. 7. doi: 10.1371/journal.ppat.1002458
Dong, Y., Manfredini, F., and Dimopoulos, G. (2009). Implication of the mosquito
midgut microbiota in the defense against malaria parasites. PLoS Pathog.
5:e1000423. doi: 10.1371/journal.ppat.1000423
Garver, L. S., Bahia, A. C., Das, S., Souza-Neto, J. A., Shiao, J., Dong, Y.,
et al. (2012). Anopheles Imd pathway factors and effectors in infection
intensity-dependent anti-plasmodium action. PLoS Pathog. 8:e1002737.
doi: 10.1371/journal.ppat.1002737
Gendrin, M., Rodgers, F. H., Yerbanga, R. S., Ouédraogo, J. B., Basáñez, M.
G., Cohuet, A., et al. (2015). Antibiotics in ingested human blood affect the
mosquito microbiota and capacity to transmit malaria. Nat. Commun. 6, 1–7.
doi: 10.1038/ncomms6921
Gendrin, M., Yerbanga, R. S., Ouedraogo, J. B., Lefèvre, T., Cohuet, A., and
Christophides, G. K. (2016). Differential effects of azithromycin, doxycycline
and co-trimoxazole in ingested blood on the vectorial capacity of malaria
mosquitoes. Open Forum Infect. Dis. 3, 1–8. doi: 10.1093/ofid/ofw074
Gimonneau, G., Tchioffo, M. T., Abate, L., Boissière, A., Awono-Ambéné, P. H.,
Nsango, S. E., et al. (2014). Composition of Anopheles coluzzii and Anopheles
gambiaemicrobiota from larval to adult stages. Infect. Genet. Evol. 28, 715–724.
doi: 10.1016/j.meegid.2014.09.029
Glimstedt, G. (1953). The germfree animal as a research tool. Ann. N. Y. Acad. Sci.
78, 281–284.
Gomes, F. M., Hixson, B. L., Tyner, M. D. W., Ramirez, J. L., Canepa, G. E.,
Alves e Silva, T. L., et al. (2017). Effect of naturally occurring Wolbachia
in Anopheles gambiae s.l. mosquitoes from Mali on Plasmodium falciparum
malaria transmission. Proc. Natl. Acad. Sci. U.S.A. 114, 12566–12571.
doi: 10.1073/pnas.1716181114
Gonzalez-Ceron, L., Santillan, F., Rodriguez, M. H., Mendez, D., and Hernandez-
Avila, J. E. (2003). Bacteria in midguts of field-collected Anopheles albimanus
block Plasmodium vivax sporogonic development. J. Med. Entomol. 40,
371–374. doi: 10.1603/0022-2585-40.3.371
Grainger, J. R.,Wohlfert, E. A., Fuss, I. J., Bouladoux, N., Askenase, M. H., Legrand,
F., et al. (2013). Inflammatory monocytes regulate pathologic responses to
commensals during acute gastrointestinal infection. Nat. Med. 19, 713–721.
doi: 10.1038/nm.3189
Grenham, S., Clarke, G., Cryan, J. F., and Dinan, T. G. (2011). Brain-
gut-microbe communication in health and disease. Front. Physiol. 2:94.
doi: 10.3389/fphys.2011.00094
Halliez, M. C., and Buret, A. G. (2013). Extra-intestinal and long-term
consequences of Giardia duodenalis infections. World J. Gastroenterol. 19,
8974–8985. doi: 10.3748/wjg.v19.i47.8974
Halliez, M. C., Motta, J. P., Feener, T. D., Guérin, G., LeGoff, L., Fran˛cois, A., et
al. (2016). Giardia duodenalis induces paracellular bacterial translocation and
causes postinfectious visceral hypersensitivity.Am. J. Physiol. Gastrointest. Liver
Physiol. 310, G574–G585. doi: 10.1152/ajpgi.00144.2015
Hand, T. W., Dos Santos, L. M., Bouladoux, N., Molloy, M. J., Pagán, A. J., Pepper,
M., et al. (2012). Acute gastrointestinal infection induces long-livedmicrobiota-
specific T cell responses. Science 337, 1553–1556. doi: 10.1126/science.1220961
Hayes, K. S., Bancroft, A. J., Goldrick, M., Portsmouth, C., Roberts, I. S.,
and Grencis, R. K. (2010). Exploitation of the intestinal microflora
by the parasitic nematode Trichuris muris. Science 328, 1391–1394.
doi: 10.1126/science.1187703
Hedges, L. M., Brownlie, J. C., O’Neill, S. L., and Johnson, K. N. (2008).Wolbachia
and virus protection in insects. Science 322, 702. doi: 10.1126/science.1162418
Heimesaat, M. M., Bereswill, S., Fischer, A., Fuchs, D., Struck, D., Niebergall, J.,
et al. (2006). Gram-negative bacteria aggravate murine small intestinal Th1-
type immunopathology following oral infection with Toxoplasma gondii. J.
Immunol. 177, 8785–8795. doi: 10.4049/jimmunol.177.12.8785
Heimesaat, M. M., Dunay, I. R., Alutis, M., Fischer, A., Möhle, L., Göbel, U.
B., et al. (2014). Nucleotide-oligomerization-domain-2 affects commensal
gut microbiota composition and intracerebral immunopathology in
acute Toxoplasma gondii induced murine ileitis. PLoS ONE 9:e105120.
doi: 10.1371/journal.pone.0105120
Hoffmann, A. A., Iturbe-Ormaetxe, I., Callahan, A. G., Phillips, B. L., Billington,
K., Axford, J. K., et al. (2014). Stability of the wMel Wolbachia infection
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 14 September 2018 | Volume 8 | Article 308
Yordanova et al. Micromanaging Immunity in Mice Versus Mosquitoes
following invasion into Aedes aegypti populations. PLoS Negl. Trop. Dis.
8:e3115. doi: 10.1371/journal.pntd.0003115
Hoffmann, A. A., Montgomery, B. L., Popovici, J., Iturbe-Ormaetxe, I., Johnson,
P. H., Muzzi, F., et al. (2011). Successful establishment of Wolbachia in
Aedes populations to suppress dengue transmission. Nature 476, 454–459.
doi: 10.1038/nature10356
Holm, J. B., Sorobetea, D., Kiilerich, P., Ramayo-Caldas, Y., Estellé, J., Ma, T., et al.
(2015). Chronic Trichuris muris infection decreases diversity of the intestinal
microbiota and concomitantly increases the abundance of lactobacilli. PLoS
ONE 10:e0125495. doi: 10.1371/journal.pone.0125495
Houlden, A., Hayes, K. S., Bancroft, A. J., Worthington, J. J., Wang,
P., Grencis, R. K., et al. (2015). Chronic Trichuris muris infection
in C57BL/6 mice causes significant changes in host microbiota and
metabolome: effects reversed by pathogen clearance. PLoS ONE 10:e0125945.
doi: 10.1371/journal.pone.0125945
Hughes, G. L., Dodson, B. L., Johnson, R. M., Murdock, C. C., Tsujimoto, H.,
Suzuki, Y., et al. (2014). Native microbiome impedes vertical transmission
of Wolbachia in Anopheles mosquitoes. Proc. Natl. Acad. Sci. U.S.A. 111,
12498–12503. doi: 10.1073/pnas.1408888111
Hughes, G. L., Koga, R., Xue, P., Fukatsu, T., and Rasgon, J. L. (2011).
Wolbachia infections are virulent and inhibit the human malaria parasite
Plasmodium falciparum in Anopheles gambiae. PLoS Pathog. 7:e1002043.
doi: 10.1371/journal.ppat.1002043
Humen, M. A., De Antoni, G. L., Benyacoub, J., Costas, M. E., Cardozo,
M. I., Kozubsky, L., et al. (2005). Lactobacillus johnsonii La1
antagonizes Giardia intestinalis in vivo. Infect. Immun. 73, 1265–1269.
doi: 10.1128/IAI.73.2.1265-1269.2005
Ippolito, M. M., Denny, J. E., Langelier, C., Sears, C. L., and Schmidt, N. W.
(2018). Malaria and the microbiome: a systematic review. Clin. Infect. Dis.
doi: 10.1093/cid/ciy374. [Epub ahead of print].
Ivanov, I. I., Atarashi, K., Manel, N., Brodie, E. L., Shima, T., Karaoz, U., et al.
(2009). Induction of intestinal Th17 cells by segmented filamentous bacteria.
Cell 139, 485–498. doi: 10.1016/j.cell.2009.09.033
Ivanov, I. I., Frutos, R. de L., Manel, N., Yoshinaga, K., Rifkin, D. B., Sartor, R. B.,
et al. (2008). Specific microbiota direct the differentiation of IL-17-producing
T-helper cells in themucosa of the small intestine.Cell HostMicrobe 4, 337–349.
doi: 10.1016/j.chom.2008.09.009
Kambris, Z., Cook, P. E., Phuc, H. K., and Sinkins, S. P. (2009). Immune activation
by life-shortening Wolbachia and reduced filarial competence in mosquitoes.
Science 326, 134–136. doi: 10.1126/science.1177531
Keselman, A., Li, E., Maloney, J., and Singer, S. M. (2016). The microbiota
contributes to CD8+ T cell activation and nutrient malabsorption following
intestinal infection with Giardia duodenalis. Infect. Immun. 84, 2853–2860.
doi: 10.1128/IAI.00348-16
Kumar, S., Christophides, G. K., Cantera, R., Charles, B., Han, Y. S., Meister, S.,
et al. (2003). The role of reactive oxygen species on Plasmodium melanotic
encapsulation in Anopheles gambiae. Proc. Natl. Acad. Sci. U.S.A. 100,
14139–14144. doi: 10.1073/pnas.2036262100
Lancet. (1953). Germ-free life. Lancet 262, 933–934.
Lindh, J.M., Terenius, O., and Faye, I. (2005). 16S rRNA gene-based identification
of midgut bacteria from field-caught. Appl. Environ. Microbiol. 71, 7217–7223.
doi: 10.1128/AEM.71.11.7217
Lindh, J. M., Borg-Karlson, A. K., and Faye, I. (2008). Transstadial and horizontal
transfer of bacteria within a colony of Anopheles gambiae (Diptera: Culicidae)
and oviposition response to bacteria-containing water. Acta Trop. 107,
242–250. doi: 10.1016/j.actatropica.2008.06.008
Linenberg, I., Christophides, G. K., and Gendrin, M. (2016). Larval diet affects
mosquito development and permissiveness to Plasmodium infection. Sci. Rep.
6, 1–10. doi: 10.1038/srep38230
Lowenberger, C. A., Kamal, S., Chiles, J., Paskewitz, S., Bulet, P., Hoffmann, J.
A., et al. (1999). Mosquito-plasmodium interactions in response to immune
activation of the vector. Exp. Parasitol. 91, 59–69. doi: 10.1006/expr.1999.4350
Maizels, R. M., Hewitson, J. P., Murray, J., Harcus, Y. M., Dayer, B.,
Filbey, K. J., et al. (2012). Immune modulation and modulators
in Heligmosomoides polygyrus infection. Exp. Parasitol. 132, 76–89.
doi: 10.1016/j.exppara.2011.08.011
McClemens, J., Kim, J. J., Wang, H., Mao, Y. K., Collins, M., Kunze, W.,
et al. (2013). Lactobacillus rhamnosus ingestion promotes innate host defense
in an enteric parasitic infection. Clin. Vaccine Immunol. 20, 818–826.
doi: 10.1128/CVI.00047-13
McSorley, H. J., and Maizels, R. M. (2012). Helminth infections and host immune
regulation. Clin. MIcrobiol. Rev. 25, 585–608. doi: 10.1128/CMR.05040-11
Meis, J. F., Pool, G., van Gemert, G. J., Lensen, A. H. W., Ponnudurai, T.,
and Meuwissen, J. H. (1989). Plasmodium falciparum ookinetes migrate
intercellularly through Anopheles stephensi midgut epithelium. Parasitol. Res.
76, 13–19. http://doi.org/10.1007/BF00931065
Meister, S., Agianian, B., Turlure, F., Relógio, A., Morlais, I., Kafatos, F.
C., et al. (2009). Anopheles gambiae PGRPLC-mediated defense against
bacteria modulates infections with malaria parasites. PLoS Pathog. 5:e1000542.
doi: 10.1371/journal.ppat.1000542
Milani, C., Duranti, S., Bottacini, F., Casey, E., Turroni, F., Mahony, J., et al. (2017).
The first microbial colonisers of the human gut: composition, activities, and
health implications of the infant gut microbiota. Microbiol. Mol. Biol. Rev. 81,
e00036–17. doi: 10.1128/MMBR.00036-17
Molina-Cruz, A., DeJong, R. J., Charles, B., Gupta, L., Kumar, S., Jaramillo-
Gutierrez, G., et al. (2008). Reactive oxygen species modulate Anopheles
gambiae immunity against bacteria and Plasmodium. J. Biol. Chem. 283,
3217–3223. doi: 10.1074/jbc.M705873200
Moll, R. M., Romoser, W. S., Modrakowski, M. C., Moncayo, A. C., and
Lerdthusnee, K. (2001). Meconial peritrophic membranes and the fate of
midgut bacteria during mosquito (Diptera: Culicidae) metamorphosis. J. Med.
Entomol. 38, 29–32. doi: 10.1603/0022-2585-38.1.29
Molloy, M. J., Grainger, J. R., Bouladoux, N., Hand, T. W., Koo, L. Y., Naik,
S., et al. (2013). Intraluminal containment of commensal outgrowth in
the gut during infection-induced dysbiosis. Cell Host Microbe 14, 318–328.
doi: 10.1016/j.chom.2013.08.003
Moreira, L. A., Iturbe-Ormaetxe, I., Jeffery, J. A., Lu, G., Pyke, A. T.,
Hedges, L. M., et al. (2009). A Wolbachia symbiont in Aedes aegypti limits
infection with dengue, chikungunya, and plasmodium. Cell 139, 1268–1278.
doi: 10.1016/j.cell.2009.11.042
Ngo, C. T., Aujoulat, F., Veas, F., Jumas-Bilak, E., andManguin, S. (2015). Bacterial
diversity associated with wild caught Anopheles mosquitoes from Dak Nong
Province, Vietnam using culture and DNA fingerprint. PLoS ONE 10:e0118634.
doi: 10.1371/journal.pone.0118634
Ohnmacht, C., Park, J. H., Cording, S., Wing, J. B., Atarashi, K., Obata, Y., et al.
(2015). The microbiota regulates type 2 immunity through RORγ+ T cells.
Science 349, 989–993. doi: 10.1126/science.aac4263
Osei-Poku, J., Mbogo, C. M., Palmer, W. J., and Jiggins, F. M. (2012). Deep
sequencing reveals extensive variation in the gut microbiota of wild mosquitoes
from Kenya.Mol. Ecol. 21, 5138–5150. doi: 10.1111/j.1365-294X.2012.05759.x
Palmer, C., Bik, E. M., DiGiulio, D. B., Relman, D. A., and Brown, P. O. (2007).
Development of the human infant intestinal microbiota. PLoS Biol. 5:e177.
doi: 10.1371/journal.pbio
Pérez, P. F., Minnaard, J., Rouvet, M., Knabenhans, C., Brassart, D., De Antoni,
G. L., et al. (2001). Inhibition of Giardia intestinalis by extracellular factors
from Lactobacilli: an in vitro study. Appl. Environ. Microbiol. 67, 5037–5042.
doi: 10.1128/AEM.67.11.5037-5042.2001
Pickard, J. M., Zeng, M. Y., Caruso, R., and Núñez, G. (2017). Gut microbiota:
role in pathogen colonization, immune responses, and inflammatory disease.
Immunol. Rev. 279, 70–89. doi: 10.1111/imr.12567
Pike, A., Dong, Y., Dizaji, N. B., Gacita, A., Mongodin, E. F., and Dimopoulos,
G. (2017). Changes in the microbiota cause genetically modified Anopheles to
spread in a population. Science 357, 1396–1399. doi: 10.1126/science.aak9691
Ramirez, J. L., Short, S. M., Bahia, A. C., Saraiva, R. G., Dong, Y., Kang, S.,
et al. (2014). Chromobacterium Csp_P reduces malaria and dengue infection
in vector mosquitoes and Has entomopathogenic and in vitro anti-pathogen
activities. PLoS Pathog. 10:e1004398. doi: 10.1371/journal.ppat.1004398
Rani, A., Sharma, A., Rajagopal, R., Adak, T., and Bhatnagar, R. K. (2009).
Bacterial diversity analysis of larvae and adult midgut microflora using
culture-dependent and culture-independent methods in lab-reared and field-
collected Anopheles stephensi-an Asian malarial vector. BMC Microbiol. 9:96.
doi: 10.1186/1471-2180-9-96
Rausch, S., Held, J., Fischer, A., Heimesaat, M. M., Kühl, A. A., Bereswill,
S., et al. (2013). Small intestinal nematode infection of mice is associated
with increased enterobacterial loads alongside the intestinal tract. PLoS ONE
8:e74026. doi: 10.1371/journal.pone.0074026
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 15 September 2018 | Volume 8 | Article 308
Yordanova et al. Micromanaging Immunity in Mice Versus Mosquitoes
Reynolds, L. A., Smith, K. A., Filbey, K. J., Harcus, Y., Hewitson, J. P., Redpath, S.
A., et al. (2014). Commensal-pathogen interactions in the intestinal tract. Gut
Microbes 5, 522–532. doi: 10.4161/gmic.32155
Ribeiro, C. de M., Zorgi, N. E., Meireles, L. R., Garcia, J. L., and de Andrade Jr., H.
F. (2016). CD19 lymphocyte proliferation induced by Bifidobacterium animalis
subsp. lactis in C57BL/6 mice experimentally infected with Toxoplasma
gondii. Rev. Inst. Med. Trop. Sao Paulo 58, 2–7. doi: 10.1590/S1678-994620
1658026
Rodgers, F. H., Gendrin, M., Wyer, C. A. S., and Christophides, G. K. (2017).
Microbiota-induced peritrophic matrix regulates midgut homeostasis and
prevents systemic infection of malaria vector mosquitoes. PLOS Pathog.
13:e1006391. doi: 10.1371/journal.ppat.1006391
Romoli, O., and Gendrin, M. (2018). The tripartite interactions between
the mosquito, its microbiota and Plasmodium. Parasit. Vectors 11:200.
doi: 10.1186/s13071-018-2784-x
Saghaug, C. S., Sørnes, S., Peirasmaki, D., Svärd, S., Langeland, N., and
Hanevik, K. (2015). Human memory CD4+ T cell immune responses
against Giardia lamblia. Clin. Vaccine Immunol. 23:11–18. doi: 10.1128/CVI.00
419-15
Saraiva, R. G., Huitt-Roehl, C. R., Tripathi, A., Cheng, Y. Q., Bosch, J., Townsend,
C. A., et al. (2018). Chromobacterium spp. mediate their anti-plasmodium
activity through secretion of the histone deacetylase inhibitor romidepsin. Sci.
Rep. 8, 1–14. doi: 10.1038/s41598-018-24296-0
Shaw,W. R., Marcenac, P., Childs, L. M., Buckee, C. O., Baldini, F., Sawadogo, S. P.,
et al. (2016).Wolbachia infections in natural Anopheles populations affect egg
laying and negatively correlate with Plasmodium development. Nat. Commun.
7, 11772. doi: 10.1038/ncomms11772
Singer, S. M., and Nash, T. E. (2000). The role of normal flora in Giardia lamblia
infections in mice. J. Infect. Dis. 181, 1510–1512. doi: 10.1086/315409
Song, X., Wang, M., Dong, L., Zhu, H., and Wang, J. (2018). PGRP-LD
mediates A. stephensi vector competency by regulating homeostasis of
microbiota-induced peritrophic matrix synthesis. PLOS Pathog. 14:e1006899.
doi: 10.1371/journal.ppat.1006899
Sorobetea, D., Svensson-Frej, M., and Grencis, R. (2018). Immunity to
gastrointestinal nematode infections. Muc. Immunol. 11, 304–315.
doi: 10.1038/mi.2017.113
Stensvold, C. R., and van der Giezen, M. (2018). Associations between gut
microbiota and common luminal intestinal parasites. Trends Parasitol. 34,
369–377. doi: 10.1016/j.pt.2018.02.004
Sterkel, M., Oliveira, J. H. M., Bottino-Rojas, V., Paiva-Silva, G. O., and Oliveira,
P. L. (2017). The dose makes the poison: nutritional overload determines
the life traits of blood-feeding arthropods. Trends Parasitol. 33, 633–644.
doi: 10.1016/j.pt.2017.04.008
Straif, S. C., Mbogo, C. N. M., Toure, A. M., Walker, E. D., Kaufman, M., Toure,
Y. T., et al. (1998). Midgut bacteria in Anopheles gambiae and An. funestus
(Diptera: Culicidae) from Kenya and Mali. J. Med. Entomol. 35, 222–226.
doi: 10.1093/jmedent/35.3.222
Tchioffo, M. T., Boissière, A., Abate, L., Nsango, S. E., Bayibéki, A. N.,
Awono-Ambéné, P. H., et al. (2016). Dynamics of bacterial community
composition in the malaria mosquito’s epithelia. Front. Microbiol. 6:1500.
doi: 10.3389/fmicb.2015.01500
Tchioffo, M. T., Boissière, A., Churcher, T. S., Abate, L., Gimonneau, G.,
Nsango, S. E., et al. (2013). Modulation of malaria infection in Anopheles
gambiae mosquitoes exposed to natural midgut bacteria. PLoS ONE 8:e81663.
doi: 10.1371/journal.pone.0081663
Teixeira, L., Ferreira., and Ashburner, M. (2008). The bacterial symbiont
Wolbachia induces resistance to RNA viral infections in Drosophila
melanogaster. PLoS Biol. 6:e2. doi: 10.1371/journal.pbio.1000002
Travers, M. A., Sow, C., Zirah, S., Deregnaucourt, C., Chaouch, S., Queiroz,
R. M., et al. (2016). Deconjugated bile salts produced by extracellular
bile-salt hydrolase-like activities from the probiotic Lactobacillus johnsonii
La1 inhibit Giardia duodenalis in vitro growth. Front. Microbiol. 7:1453.
doi: 10.3389/fmicb.2016.01453
Von Klitzing, E., Ekmekciu, I., Kühl, A. A., Bereswill, S., and Heimesaat, M. M.
(2017). Intestinal, extra-intestinal and systemic sequelae of Toxoplasma gondii
induced acute ileitis in mice harboring a human gut microbiota. PLoS ONE
12:e0176144. doi: 10.1371/journal.pone.0176144
Walk, S. T., Blum, A. L., Ewing, S. A., Weinstock, J. V., and Young, V. B. (2010).
Alteration of the murine gut microbiota during infection with the parasitic
helminth Heligmosomoides polygyrus. Inflamm. Bowel Dis. 16, 1841–1849.
doi: 10.1002/ibd.21299
Wang, S., Dos-Santos, A.L.A., Huang, W., Liu, K.C., Oshaghi, M.A.,
Wei, G., et al. (2017). Driving mosquito refractoriness to Plasmodium
falciparum with engineered symbiotic bacteria. Science 357, 1399–1402.
doi: 10.1126/science.aan5478
Waterhouse, D. (1953). The occurrence and significance of the pertirophic
membrane, with special reference to adult lepidoptera and diptera.Aust. J. Zool.
1, 299. doi: 10.1071/ZO9530299
Wei, G., Lai, Y., Wang, G., Chen, H., Li, F., andWang, S. (2017). Insect pathogenic
fungus interacts with the gut microbiota to accelerate mosquito mortality. Proc.
Natl. Acad. Sci. U.S.A. 114, 5994–5999. doi: 10.1073/pnas.1703546114
White, E. C., Houlden, A., Bancroft, A. J., Hayes, K. S., Goldrick, M.,
Grencis, R. K., et al. (2018). Manipulation of host and parasite microbiotas:
survival strategies during chronic nematode infection. Sci. Adv. 4, 1–11.
doi: 10.1126/sciadv.aap7399
Wigglesworth, V. B. (1930). Memoirs: the formation of the peritrophic membrane
in insects, with special reference to the larvae of mosquitoes. J. Cell Sci. s2–73,
593–616.
Wilhelm, C. L., and Yarovinsky, F. (2014). Apicomplexan infections in the gut.
Parasite Immunol. 36, 409–420. doi: 10.1111/pim.12115
Zaiss, M. M., Rapin, A., Lebon, L., Dubey, L. K., Mosconi, I., Sarter,
K., et al. (2015). The intestinal microbiota contributes to the ability
of helminths to modulate allergic inflammation. Immunity 43, 998–1010.
doi: 10.1016/j.immuni.2015.09.012
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2018 Yordanova, Zakovic, Rausch, Costa, Levashina and Hartmann.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 16 September 2018 | Volume 8 | Article 308
